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Abstract

Objectives: Maternal smoking during pregnancy impairs fetal growth, yet the relative contribution of trimester-specific
exposure and cessation timing remains unclear. Quantitative trimester-based analyses that integrate cigarette dose and
neonatal outcomes are limited.

Methods: This retrospective, population-based study used data from the CDC WONDER Natality database (United States,
2016-2024). Women who reported smoking at the beginning of pregnancy and had complete trimester-specific data were
included. Smoking exposure was analyzed both categorically and quantitatively (cigarettes per day). The primary outcome
was neonatal birth weight (grams); a secondary analysis assessed small-for-gestational-age (SGA) among term deliveries.
Multivariable linear regression was adjusted for maternal age, pre-pregnancy BM, gestational weight gain, interpregnancy
interval, and pregnancy-related morbidities. ROC analysis identified discriminatory thresholds.

Results: Among 4,931 pregnancies, second-trimester smoking showed the strongest independent negative association
with birth weight (B=—1.246 g per cigarette; p<0.001), followed by first-trimester smoking (B=—0.957 g; p<0.001). Third-
trimester smoking had minimal clinical impact. Second-trimester cessation was associated with higher birth weight
(p<0.001), whereas third-trimester cessation showed no benefit. Among term births, only first-trimester smoking was
associated with SGA (p=0.022). A threshold of 15 cigarettes per day predicted SGA with a sensitivity of 71% and a speci-
ficity of 75%.

Conclusion: Smoking timing critically determines fetal growth impact, underscoring the importance of very early cessation.
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ptimal fetal growth depends on a complex interplay of

physiological and pathological determinants. Among
the physiological factors, maternal comorbidities—partic-
ularly pre-gestational body mass index (BMI) and smoking
status—have been directly associated with birth weight.™

Maternal tobacco use remains one of the most prevent-
able yet persistent causes of adverse pregnancy outcomes
worldwide. Despite a global decline in smoking prevalence,
up to 10-15% of pregnant women continue to smoke
during pregnancy, with considerable regional variation and
differing cessation patterns across trimesters.”? The detri-
mental effects of in utero tobacco exposure on fetal growth
and birth outcomes have been extensively documented,
including an increased risk of low birth weight, intrauterine
growth restriction (IUGR), and small-for-gestational-age
(SGA) infants. However, growing evidence indicates that
both the timing and amount of cigarette exposure during
gestation play a critical role in determining the extent of
fetal growth impairment. Although the mechanisms by
which maternal smoking adversely affects pregnancy out-
comes are not fully elucidated, proposed pathways include
reductions in placental perfusion and alterations in fetal
epigenetic regulation with abnormal methylation.®!

Meta-analyses and cohort studies suggest that fetal growth
restriction becomes evident after the first trimester, par-
ticularly affecting head circumference and femur length
in the second trimester and estimated fetal weight in the
third. Bailey et al.”! demonstrated a dose-dependent rela-
tionship, where smoking more than ten cigarettes per day
was assciated with a more than 10-percentile reduction
in estimated fetal weight and head circumference during
mid-gestation. Similarly, Blatt et al.®! reported that contin-
ued smoking through the second and third trimesters more
than doubled the risk of fetal growth restriction, while ces-
sation during the first trimester substantially mitigated this
risk. Longitudinal analyses from the Millennium Cohort
Study confirmed that quitting by the end of the first trimes-
ter normalizes birth weight to levels comparable with non-
smokers, whereas cessation later in pregnancy only partial-
ly reverses growth deficits.”? In contrast, ongoing smoking
into late pregnancy exerts cumulative adverse effects on
fetal growth, with the highest risk for SGA observed after
33 weeks of gestation. These findings emphasize that both
smoking intensity and the gestational timing of cessation
are critical determinants of neonatal outcomes. However,
limited research has integrated trimester-specific smoking
patterns and quantitative measures of cigarette exposure
with direct comparisons to neonatal birth weight.®

Accordingly, the primary aim of the present study was to
enhance the explanatory capacity of statistical models by

focusing specifically on women who reported smoking at
the beginning of pregnancy, rather than conducting a con-
ventional comparison between smokers and non-smok-
ers. A second aim was to address a persisting gap in the
literature: although smoking cessation during pregnancy is
consistently recommended—because smoking is associat-
ed with morbidities and cessation is cost-effective—there
remains no consensus regarding the gestational periods
when smoking exposure most significantly influences fe-
tal growth. This study is based on data retrieved from the
Centers for Disease Control and Prevention (CDC) WON-
DER natality database, a large, population-based registry
that captures detailed birth certificate information across
the United States. The database uniquely provides tri-
mester-specific, quantitative measures of maternal cig-
arette consumption alongside comprehensive neonatal
birth data, allowing for robust evaluation of timing- and
dose-dependent effects of smoking on fetal growth.

Methods

This retrospective, population-based study used data
from the Centers for Disease Control and Prevention (CDC)
Wide-ranging Online Data for Epidemiologic Research
(WONDER) natality database. CDC WONDER is a public-
ly accessible, de-identified national surveillance platform
that provides comprehensive birth certificate data de-
rived from the National Vital Statistics System (NVSS). We
used the “Births” expanded natality files for the years 2016
through 2024, which include detailed maternal, pregnancy,
and neonatal variables. All recorded live births occurring in
the United States between January 1, 2016, and December
31, 2024, were eligible for inclusion. Because the dataset is
publicly available and contains no personal identifiers, this
study was exempt from institutional review board approval
and informed consent requirements.

All recorded live births occurring in the United States be-
tween January 1, 2016 and December 31, 2024 were eligi-
ble for inclusion. No a priori restrictions were applied based
on maternal race/ethnicity, geographic region, mode of
delivery, congenital anomalies, maternal comorbidities, in-
fections, educational status, paternal characteristics, use of
assisted reproductive technology (ART), prior obstetric his-
tory, labor complications, or infant characteristics. The na-
tality public-use data files were downloaded and analyzed
using statistical software rather than the CDC WONDER
query interface. Therefore, no automated cell suppression
was applied. Records with missing data for primary expo-
sure or outcome variables were excluded from regression
analyses using a complete-case approach. The primary ex-
posure of interest was maternal cigarette smoking during
pregnancy, categorized by trimester. CDC WONDER pro-
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vides trimester-specific self-reported smoking data, includ-
ing the number of cigarettes smoked per day during the
first, second, and third trimesters.

Smoking exposure was evaluated in two complementary
ways:
1. Binary exposure status(yes/no)within each trimester.

2. Quantitative exposure, defined as the average number
of cigarettes smoked per day in each trimester.

In addition to trimester-specific smoking status, cessation
patterns during pregnancy were categorized into three
groups: women who discontinued smoking in the first, sec-
ond, or third trimester.

The following maternal characteristics were collected:
pre-pregnancy BMI, total gestational weight gain, inter-
pregnancy interval, maternal age, and pregnancy-related
complications, including gestational diabetes or hyper-
tension, eclampsia, and preeclampsia. Gestational weight
gain was analyzed as a categorical variable and stratified
into five predefined groups (<5 kg, 5-9 kg, 10-14 kg, 15-18
kg, and =19 kg) to account for potential non-linear associ-
ations with birth weight outcomes. The primary outcome
of the study was neonatal birth weight (grams), analyzed
as a continuous variable for all recorded live births during
the study period. As a secondary analysis, the cohort was
restricted to term pregnancies (=37 weeks of gestation).
Within this subgroup, neonates were categorized into two
groups based on birth weight: low birth weight (<2500 g)
and non-low birth weight (=2500 g). In this study, small
for gestational age (SGA) among term births (=37 weeks)
was defined as a birth weight <2500 g, as calculating ges-
tational age-specific birth-weight percentiles for each ob-
servation was not feasible in this large population-based
dataset.

This study used the Centers for Disease Control and Preven-
tion (CDC) WONDER natality database, a publicly accessible
de-identified dataset. Since the data are anonymous and
publicly available, the study was exempt from institutional
ethics committee approval and informed consent require-
ments in accordance with international research regula-
tions.

Statistical Analysis

All statistical analyses were performed using SPSS Statis-
tics version 21.0 (Armonk, NY: IBM Corp., USA). Descriptive
statistics were used to summarize maternal, pregnancy,
and neonatal characteristics. Continuous variables were re-
ported as mean + standard deviation (SD) or median with
range, depending on distribution. Categorical variables
were presented as frequencies and percentages. Compar-
isons between two independent groups were performed

using the Mann-Whitney U test. For comparisons involving
more than two independent groups, the Kruskal-Wallis test
was used. When applicable, post hoc pairwise comparisons
were conducted with appropriate adjustment for multiple
testing. Correlations between continuous variables were
assessed using Spearman’s rank correlation coefficient.
Receiver operating characteristic (ROC) curve analysis was
performed to determine optimal cut-off values for rele-
vant continuous variables. The area under the curve (AUC),
95% confidence intervals (Cls), and Youden’s index were
calculated to identify the most discriminative thresholds.
For analyses of the primary outcome, multivariable linear
regression models were constructed to evaluate the inde-
pendent association between trimester-specific smoking
exposure and neonatal birth weight. Regression coeffi-
cients(B),95% Cls, and p-values were reported. A p-value
<0.05 was considered statistically significant.

Results

Study Population

A total of 4,931 pregnant women who reported smoking
at the beginning of pregnancy and had complete smoking
data for all three trimesters were included in the analy-
sis. The mean maternal age was 28 years (SD£1), the me-
dian gestational age at delivery was 38 weeks (range: 18
weeks), and the median pre-pregnancy BMI was 27.21 kg/
m? (range: 22.34). The median neonatal birth weight was
3,044 g (range: 3,220 g). The median interval since the last
pregnancy was 55.2 months (range: up to 137 months). A
total of 270 women (5.2%) experienced at least one preg-
nancy-related morbidity, while 4,895 women (93.6%) ex-
perienced no morbidities. A total of 845 women (17.1%)
gained <5 kg during pregnancy, while 919 women (18.6%)
gained 5-9 kg. Moderate weight gain of 10-14 kg was ob-
served in 1,053 women (21.4%). Additionally, 973 women
(19.7%) gained 15-18 kg, and the highest weight-gain cat-
egory (19-44 kg) included 1,142 women (23.2%). This dis-
tribution indicates that nearly one-quarter of the cohort
experienced excessive gestational weight gain, whereas
approximately one in five experienced insufficient ges-
tational weight gain. The median number of cigarettes
smoked per day was 10 (range: 98) in the first trimester, 6
(range: 98) in the second trimester, and 4 (range: 98) in the
third trimester, respectively.

Correlation Analyses

Neonatal birth weight was significantly negatively cor-
related with maternal age (r=—0.314, p<0.001) and with
pre-pregnancy BMI (r=—0.392, p<0.001). In contrast, gesta-
tional weight gain demonstrated a strong positive correla-
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tion with birth weight (r=0.672, p<0.001). No association
was observed between interpregnancy interval and birth
weight (p=0.255). Birth weight was significantly lower in in-
fants born to women with at least one morbidity compared
with those without morbidity (median 2,981 g vs. 3,053 g;
p<0.001).

Smoking Cessation and Birth Weight

A total of 431 (8.7%) pregnant women who quit smoking
during the second trimester. In the second trimester, birth
weight differed significantly across smoking categories:
those who quit smoking had higher birth weights than
persistent smokers (median 3,144 g vs. 3,033 g; p<0.001).

A total of 612 pregnant women (12.4%) quit smoking in the
third trimester. In the third trimester, there was no signifi-
cant difference in birth weight between women who quit
smoking and those who continued smoking (p = 0.644).
Median birth weights were 3,045 g for women who quit
smoking and 3,033 g for women who smoked persistently.

Multivariable Linear Regression Analysis

A multivariable linear regression model, adjusted for ma-
ternal age, pre-pregnancy BMI, gestational weight gain,
morbidities, and trimester-specific smoking, explained
48.1% of the variance in birth weight (R>=0.481) (Table 1).
The Durbin-Watson statistic indicated no autocorrelation
in model residuals. Gestational weight gain was the stron-
gest positive predictor of birth weight. Each 1-kg increase
was associated with an average 109-g gain (B=109.1 g;
95% Cl 104.9-113.3; p<0.001). Pre-pregnancy BMI was also
a significant positive predictor (B=21.0 g per unit; 95% Cl

cant after adjustment. Second-trimester smoking showed
an independent negative association with birth weight
(B=—1.246 g per cigarette; 95% Cl —1.82 to —0.68; p<0.001).
First-trimester smoking had a weaker but still signifi-
cant negative effect (B=—0.957 g; 95% Cl —1.35 to —0.56;
p<0.001). Third-trimester smoking was associated with
a small positive coefficient (B=0.626 g; 95% Cl 0.14-1.11;
p=0.012), which is clinically negligible and likely reflects re-
sidual confounding or a statistical artifact.

SGA Analysis in Term Deliveries

Among women who delivered after 37 weeks of gestation,
infants were stratified by SGA status using a birthweight
threshold of <2500 g (Table 2). In this subgroup, only
first-trimester smoking was significantly associated with
SGA status (p=0.022). The median number of cigarettes
smoked during the first trimester was 20 (range: 37) and
9 (range: 98) in the SGA and non-SGA groups, respectively.
No significant associations were observed for second-tri-
mester smoking (median 10 vs. 6; p=0.340) or third-tri-
mester smoking (median 10 vs. 4; p=0.153). ROC analysis
assessing the relationship between first-trimester cigarette
consumption and SGA demonstrated significant discrimi-
native ability: a threshold of 15 cigarettes yielded 71% sen-

Table 2. Trimester-specific smoking and SGA status

Birth weight (gr)

<2500 >2500 p

Median (range) Median (range)

19.0-23.1; p<0.001). Conversely, pregnancy morbidity  First trimester 20 (37) 9(98) 0.022
(B=—69.2 g; 95% Cl —86.3 to —52.2; p<0.001) and maternal Second trimester 10 (39) 6 (98) 0.340
age (B:—1Q.7 g pgr year; 95% CI'—13.7 'to —7.6; p<0.001) Third trimester 10 39) 4(98) 05
were associated with decreased birth weight.
The effect of trimester-specific smoking remained signifi- o o2 forgestational-age.
Table 1. Multivariable linear regression predicting birth weight
Variable B (95% CI) SE B t p Zero Partial Part VIF
(Constant) 2448.795 (2341.437-2556.154) 54.761 44.718  <0.001
Maternal weight gain 109.089 (104.895-113.282) 2.139 0.874 50.994 <0.001 0.604 0.546 0.391 2.558
Pre-pregnancy BMI 21.036 (19.032-23.041) 1.022 0.347 20.575 <0.001 0.293 0.22 0.404 2475
Pregnancy morbidity -69.207 (-86.265- -52.150) 8.700 -0.086 -7955 <0.001 -0.117 -0.085 0.974 1.026
Maternal age -10.668 (-13.695 - -7.641) 1.544 -0.081 -6.908 <0.001 -0.102 -0.074 0.843 1.186
First trimester smoking -0.957 (-1.354--0.561) 0.202 -0.073 -4.735 <0.001 -0.07 -0.051 0.488 2.047
Second trimester smoking -1.246 (-1.817 - -0.675) 0.291 -0.079 -4.276 <0.001 -0.063 -0.046 0337 2967
Third trimester smoking 0.626 (0.139-1.113) 0.249 0.037 2518 0.012 0.037 0.027 054 1.851

B: Unstandardized regression coefficient; Cl: Confidence interval; SE: Standard error; 3: Standardized regression coefficient; VIF: Variance inflation factor; BMI: Body mass

index.



69

EJMI
1.0
084
# 064
=
&
3
-
o
I
044
0,2
95% ClI
150 101 0,552 - 0,948 022
0,04 T T T T
00 02 04 06 08 10
Specificity

Figure 1. Receiver operating characteristic (ROC) curve for first-
trimester cigarette consumption predicting small-for-gestational-
age (SGA) among term deliveries.

The ROC curve demonstrates the discriminative ability of first-
trimester cigarette consumption to predict SGA status. The area
under the curve (AUC) was 0.750 (SE 0.101; 95% Cl 0.522-0.948;
p=0.022), indicating moderate predictive performance. A threshold
of 15 cigarettes per day yielded 71% sensitivity and 75% specificity.
The diagonal reference line represents no discriminatory ability
(AUC=0.50).

sitivity and 75% specificity (p=0.022) (Fig. 1). No significant
discriminatory performance was observed for smoking in
the second or third trimesters (p=0.342 and p=0.155, re-
spectively).

Discussion

In this large cohort of pregnant women with trimester-spe-
cific smoking data, our findings demonstrate distinct tem-
poral effects of smoking exposure and smoking cessation
on fetal growth. The most clinically relevant observation
was that smoking cessation during the second trimester
was associated with a significant improvement in neonatal
birth weight, whereas cessation during the third trimester
did not confer a measurable benefit. Women who discon-
tinued smoking during the second trimester delivered in-
fants with significantly higher birth weights than women
who continued smoking. In contrast, cessation during the
third trimester did not translate into a statistically or clini-
cally meaningful difference in birth weight.

Importantly, our study provides novel evidence regarding
the association between trimester-specific smoking ex-

posure and the risk of SGA among term deliveries. To our
knowledge, this is the first report demonstrating that in
term pregnancies, only smoking in the first trimester was
significantly associated with SGA status, whereas smoking
in the second and third trimesters was not independently
associated with SGA in this subgroup. Given that the first
trimester corresponds to the critical period of placentation
and the early establishment of uteroplacental circulation,
smoking during this developmental window may impair
placental vascularization and trophoblastic invasion, there-
by increasing the likelihood of fetal growth restriction.

The association between maternal smoking and impaired
fetal growth is well established in the literature. Compared
with non-smokers, smoking during any trimester has been
shown to increase the risk of fetal growth restriction, and
infants born to mothers who smoke weigh on average
150-300 g less at birth.”! Approximately one-quarter of
cases of fetal growth restriction are attributable to ma-
ternal smoking. Although differences between smokers
and non-smokers are consistently demonstrated, trimes-
ter-specific exposure patterns and the timing of smoking
cessation remain areas of ongoing debate.

Preconceptional smoking has generally been considered
to have limited impact on birth weight if cessation occurs
early in pregnancy.”! A large U.S. cohort study demonstrat-
ed that smoking cessation during the first trimester re-
duced SGA rates by 31% among preterm births and by 55%
among term births. Although second-trimester cessation
was also associated with reductions in SGA in both term
and preterm deliveries, its effect was reported to be less
statistically robust than cessation in the first trimester.'”
Our findings are largely consistent with these observations.
However, in contrast to prior studies, we evaluated birth
weight and SGA as separate outcomes using distinct sta-
tistical models, thereby providing a more granular assess-
ment of trimester-specific effects. In our cohort, first-tri-
mester smoking increased the probability of SGA, whereas
cessation during the second trimester was associated with
improved birth weight. Third-trimester cessation, however,
did not appear to influence neonatal weight.

From a biological perspective, our trimester-specific find-
ings are consistent with the known timeline of placental
development. The first trimester represents the critical win-
dow of decidual invasion, spiral artery remodeling, and ear-
ly establishment of uteroplacental circulation. Disruption
during this period may lead to structural and functional al-
terations in placental vascularization that persist through-
out gestation. Several studies suggest that maternal smok-
ing does not necessarily reduce overall placental weight;
rather, it induces microvascular and functional remodeling.
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M Increased resistance in umbilical blood flow, abnormal
mechanical properties of chorionic villi, enhanced vasocon-
strictive responses to endothelin-1, and reduced capillary
surface area have all been described in placentas exposed
to tobacco smoke.' Such early architectural changes may
explain why first-trimester smoking in our cohort was in-
dependently associated with SGA among term births, even
when smoking later in pregnancy did not show a similar
association.

Importantly, early exposure may also induce epigenetic
modifications that extend beyond transient vascular ef-
fects.'® Maternal smoking has been associated with dif-
ferential DNA methylation patterns, including character-
istic “smoking-related methylation signatures” in genes
involved in growth regulation and placental function. Ev-
idence suggests that part of the effect of maternal smok-
ing on birth weight is mediated through DNA methylation
changes."™ Therefore, smoking during the first trimester
may not simply exert a temporary toxic influence but may
instead trigger persistent molecular alterations that limit
fetal growth potential throughout pregnancy. This mech-
anism provides a biologically plausible explanation for the
stronger association between first-trimester exposure and
SGA risk observed in our study.

In contrast, smoking exposure during the second trimester
occurs after primary placental vascularization has largely
been established. Although continued exposure may still
impair nutrient transfer and fetal growth velocity, these ef-
fects may be at least partially reversible if smoking cessa-
tion occurs before late gestation. This interpretation aligns
with our finding that second-trimester cessation was asso-
ciated with increased birth weight, whereas third-trimester
cessation did not confer measurable benefit. Once placen-
tal architecture and growth trajectories are established,
late behavioral modification may have a limited capacity to
restore normal fetal growth.

Our finding that second-trimester smoking cessation pos-
itively influences birth weight is supported by previous
literature. Several studies have demonstrated that smok-
ing cessation or reduction during the second trimester
improves neonatal weight outcomes.' In a large UK study
analyzing approximately 11,000 births, the gestational age
cut-off for achieving birth weights comparable to those of
non-smokers was identified as 16 weeks.!"® Smoking cessa-
tion beyond this time point did not significantly improve
birth weight, suggesting that exposure after early placen-
tation may have only partially reversible effects, and that
delayed cessation limits recovery potential. Taken together,
our findings and the existing literature suggest that smok-
ing during the second trimester—after placental vascular-

ization has been established—may exert a partially revers-
ible effect on fetal growth, thereby influencing neonatal
birth weight.

A key strength of our study is the advanced trimester-spe-
cific quantitative analysis of cigarette exposure. Second-tri-
mester smoking demonstrated an independent and more
pronounced negative association with birth weight, whereas
first-trimester smoking showed a weaker yet statistically sig-
nificant effect. Each additional cigarette smoked during the
second trimester was associated with an approximately 1.25-
g reduction in neonatal birth weight, while each cigarette
smoked during the first trimester was associated with an ap-
proximately 1-g reduction. To our knowledge, this is the first
study to provide a trimester-specific, per-cigarette quantita-
tive estimate of the impact on birth weight. Most prior studies
have examined correlations between overall cigarette con-
sumption and birth weight without stratifying by trimester. A
linear relationship between the number of cigarettes smoked
and low birth weight has been consistently demonstrated.
For example, in a study of 1,400 pregnancies, infants born
to mothers who smoked 6-10 cigarettes per day weighed
approximately 320 g less than those of non-smokers, where-
as infants of mothers who smoked 11-40 cigarettes per day
weighed approximately 435 g less.'” In another study evalu-
ating 4,211 pregnancies, smoking >25 cigarettes per day was
associated with a 289 g reduction in birth weight compared
with non-smoking.'® However, these studies did not incorpo-
rate trimester-specific exposure data.

Additionally, many studies have focused on urinary cotinine
measurements as an objective biomarker of smoking expo-
sure. Although cotinine levels correlate linearly with birth
weight reduction, biomarker-based screening is costly and
time-consuming. Importantly, prior research has demon-
strated a strong correlation between self-reported ciga-
rette consumption and urinary cotinine levels. Therefore,
our finding that first-trimester exposure to approximately
15 cigarettes per day significantly increases the likelihood
of SGA provides a clinically interpretable and cost-effective
metric for patient counseling.

The strengths of our study include a large cohort size with
trimester-specific smoking assessment; standardized re-
cording of birth weight, gestational age, and pregnancy
complications; and use of a reliable population-based data
source.These features allowed us to evaluate trimester-spe-
cific effects on birth weight and SGA separately, providing
a more nuanced interpretation of fetal growth outcomes.
Limitations should also be acknowledged. The cohort re-
flects a specific ethnic population, which may limit gener-
alizability. Furthermore, smoking exposure was based on
self-report, introducing potential reporting bias.
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